Assessment of the regulation of plant metabolism by the calcium ion requires a knowledge of its intracellular levels and dynamics. Technical problems have prevented direct measurement of the concentration of intracellular Ca2+ in plant cells in all but a few cases. In this study we show that electropermeabilized protoplasts of Daucus carota and Hordeum vulgare took up the Ca2+ indicating fluorescent dye methoxyquinoline(O-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (Quin-2) and the Ca2+ indicating photoprotein, aequorin. These protoplasts subsequently recovered their plasma membrane integrity. However, up to 10% of intracellularly trapped Quin-2 was associated with a protoplast vacuolar fraction. Also, Quin-2 loading reduced total ATP levels by approximately 60% and inhibited subsequent protoplast division whereas aequorin loading reduced ATP content by only 20% and did not prevent division. Therefore, the basal cytoplasmic
thought to be regulated by changes in the level of cytoplasmic free Ca2", [Ca2`]I (6, 12) . However (2, 4, 11, 14, 20, 21, 28 useful technique for loading plant protoplasts with Fura-2 and Indo-1 at low pH has recently been reported (4) .
Attempts at correlative biochemistry require procedures for measuring cytosolic calcium synchronously in very large numbers of cells or protoplasts. We recently showed (7, 8) that intracellular Ca2" levels could be measured in protoplast suspensions from higher plant cells loaded with the fluorescent Ca2+ indicator, Quin-2. The protoplasts took up Quin-2 after the plasma membrane had been reversibly permeabilized by electroporation (7, 8) . These protoplast suspensions are amenable to both calcium level estimations and biochemical analysis. However, loading animal cells with Quin-2 has been reported to perturb cell metabolism and potentially disrupt cellular Ca2+ levels (5, 24) . Fluorescent indicators ofthe Quin-2 family have also been reported to redistribute from the cytosol to other compartments within the animal cell (24) . If this were to occur in the plant cell, it would interfere with the direct estimation of free cytoplasmic calcium levels. Bush and Jones (4) have reported the uptake of Fura-2 but not Indo-l by organelles of barley protoplasts. As well as directly measuring such cellular redistribution and degree of metabolic disruption, the reliability of measurements made with the fluorescent Ca2t-indicators may also be assessed by comparison with measurements made using an alternative [Ca2+] indicator; one chemically unlike Quin-2 and thus unlikely to be subject to the same problems.
Aequorin is a protein that emits light on binding Ca2+ (26) . The rate of light emission is proportional to the Ca2+ concentration and aequorin can be used to quantify Ca2+ levels between 10-7 and 10-4 M. It has been used as a sensitive indicator of cytoplasmic Ca2+ levels in animal systems (5, 26) and giant algal cells (22, 28) . Aequorin is sufficiently different from Quin-2 as to potentially cross check [Ca2+] , measured with the fluorescent dye. Various forms of reversible permeabilization have been successfully used to nondisruptively load animal cells with aequorin (5).
We have previously used electropermeabilization to effect the uptake of Quin-2 (7, 8) , since Quin-2/AM did not permeate the cell membrane in measureable quantities (7) . We calibrated the size of electropores formed during this procedure and found they were large enough to admit dextrans of up to 80 kD mol wt. Aequorin is a photoprotein of approximately 20 kD and thus small enough to enter the plant cytosol during electropermeabilization. It is also sufficiently different to Quin-2 to provide a more rigorous assessment of Quin-2 generated data. We report here a comparison of the usage and metabolic disruption induced by the application of Quin-2 and aequorin to measure calcium levels in plant protoplasts. This is the first report of the use of aequorin for the measurement of cytoplasmic calcium levels in higher plants. MATERIALS The relatively low light levels emitted from aequorin loaded protoplasts were assayed with the sensitive photomultiplier tubes of a Kontron scintillation counter (Intertechnique, France) with coincidence filter switched off. Light emission was continuously sampled, and averaged, every 28 s. Counts were corrected for 5% counter efficiency which was assessed from the photons detected from a known activity of luciferase reacting with a known amount of luciferin under counting conditions identical to those of aequorin. The assay was performed using 1 x 10-8 units of luciferase in 1 mM MgSO4, 0.6 mm ATP, 50 mm glycine (pH 7.7) and started with 0.1 mM luciferin. Luciferin/luciferase and aequorin emit photons of similar wavelength (26) . Such a scintillation counter-based system for the measurement of aequorin luminescence requires no specialized luminometer and could potentially be used by any investigator with a suitable scintillation counter.
Plant cells exhibit autoluminescence due, for example, to free radical reactions during metabolism. This light emission coupled with a 'dark current' from the measurement apparatus provides a background to the aequorin luminescence estimation and was subtracted from measurements prior to calculation of log10 (Li/Lmax). Background luminescence represented less than 30% of the signal from aequorin loaded protoplasts.
Permeabilization, Fluorimetric and ATP Assays
The measurement ofprotoplast permeabilization and fluorimetric assays for Quin-2 were performed as in Gilroy et al. (7) . ATP content was assayed by the firefly luminescence method. Each assay (1 mL) contained: 108 protoplasts, 5 mm MgSO4, 1.5 mM NaN3, 0.5 mM EDTA, 50 mM Tris-HCl (pH 7.0), 1 mg BSA, and 4 mg luciferin/luciferase reagent (Sigma, Poole, Dorset, U.K.). The light from the luciferin/luciferase reagent was at least 50-fold greater than the signal from protoplasts loaded with aequorin and was measured in a Baird Nova spectrofluorimeter configured for bioluminescence measurement. However, the aequorin present in the loading incubation (1 mg mL-') was found to interfere with the estimation of light emission in the luciferin/luciferase reaction. Therefore, Ca2"-discharged (nonluminescent) aequorin was used to load protoplasts for these assays. Prior to use, the aequorin was incubated with 100 /uM CaCl2 for 30 min after which period no Ca2' dependent light emission could be detected. This Ca2+-discharged aequorin was then loaded on to a G25 sephadex column preequilibrated in 250 mm sorbitol, 5 mm EDTA, 50 mm KCI, 5 mM Hepes (pH 7.2) with 1 N KOH, and centrifuged at 3000g for 10 min to exchange the Ca" containing buffer for the buffer described above. Also, ATP was omitted from the resealing cocktail ( (8) in media supplemented with 500 mm sorbitol. After isolation, protoplasts were resuspended to 2 x 106 mL-' in: 250 mm sorbitol, 5 mm EGTA, 25 mM Tris HCI (pH 8.0), and stirred at 4°C (30 rpm, magnetic stirrer). The lysed protoplasts were passed through a 20 uM nylon mesh and the filtrate spun at 3000g for 120 min at 4°C through a 2.5/5/ 7.5% (w/v) ficoll gradient made up in 250 mM sorbitol, 25 mM Tris-HCl (pH 8.0). Vacuoles were collected at the 2.5/ 5% ficoll interface. Organelles, unlysed protoplasts, and debris collected in the pellet. Vacuoles were visualized by fluorescent labeling. Prior to protoplast formation and vacuole isolation cells were incubated for 16 h in 0.5% (w/v) 5-carboxyfluorescein (5-CF) which was taken up by the vacuoles (13). 5-CF loaded vacuoles were visualized with conditions as for fluorescein (19) . To assess the contamination of the vacuolar, supernatant, and pelleted fractions by other cellular fractions markers for various cellular compartments were assayed. These were: cytosol, PEP carboxylase assayed as in Wong and Davies (29) ; mitochondria (taken as a typical organelle), fumarase assayed as in Hall and Moore (10); vacuoles, 5-CF fluorescence (excitation 460 nm, emission 550 nm) measured in a Perkin-Elmer LSSB spectrofluorimeter. Although the vacuolar specificity of 5-CF has not been proven, it was accumulated by vacuoles of D. carota (13) and provided a qualitative indication of vacuolar distribution. The vacuolar marker enzymes acid phosphatase and a-mannosidase (10) could not be reliably detected in the protoplasts used in this study.
[3H]Quin-2 Production
[3H]Quin-2 was obtained by incubation of 1 ,uCi 'H-Quin-2/AM (Amersham International plc., Bucks., U.K., 6.9 mCi/ mMol) with 2 x 106 cells of D. carota for 60 min in electroporation buffer. The cells were then sedimented, 5OOg for 10 min and the supernatant filtered through 20 ,um nylon mesh and 0.2 ,um nitrocellulose (Millipore, U.K.). The filtrate was used for [3H]Quin-2 uptake experiments. Incubation with the cells had completely hydrolyzed Quin-2/AM to Quin-2 in the medium, as assessed by the change in fluorescence emission spectrum (excitation, 340 nm) from that of Quin-2/AM to that of free Quin-2 (27) . Also, the product of Quin-2/AM hydrolysis comigrated with pure Quin-2 on TLC plates (F254 TLC plates, Merck, FRG) solvent system 9:1 chloroform:methanol. The TLC spots were visualized by UV illumination (UVS-54 UV lamp; Ultraviolet Products Inc., San Gabriel, CA).
[3H]Quin-2 Uptake (17) , caused a burst of light emission (Fig. IA) . This suggests that aequorin was taken up when the plasma membrane was electropermeabilized and trapped intracellularly when the electropores resealed. The 41) intracellular aequorin would therefore be protected from the Ca2" in the medium by the protoplast plasma membrane until the ionophore was added. Note that the light intensity quickly rises but then falls even though the elevated cytosolic calcium level should be maintained by the presence of the ionophore. These kinetics are observed because the elevation of cytosolic calcium discharges the limited amount of aequorin taken up. High levels of calcium giving rise to high rates of decay in luminescence.
Figure lB shows the response of the Quin-2 fluorescence when ionomycin was added to equivalent, but Quin-2 loaded, protoplasts. Thus, both aequorin and Quin-2 permitted the qualitative detection of fairly rapid changes in calcium level. However, the requirement in this study of measuring a log,0 decay rate for aequorin over several minutes to quantify the Ca2+ level (see below) made this indicator less suitable, under the measurement conditions we have used, than Quin-2 for the quantitative assay offast transients in cytoplasmic calcium level. The rapidity of response and elevation of indicator signal on the application of ionomycin suggests that both indicators were loaded into a cellular compartment which has both a rapid exchange with the medium and a low resting Ca2+ level, probably the cytosol (see below).
Directly after loading, protoplasts showed a high rate of aequorin luminescence which decayed to a steady level over 10 to 15 min (Fig. 1A) . However, active aequorin was present when the steady luminescence level was finally attained as application of ionomycin caused an intense burst of Ca2+ dependent luminescence (Fig. IA) . Therefore, the electroporation loading method may have initially disturbed cellular Ca2+ metabolism causing cytoplasmic calcium levels to rise and so increase aequorin light emission. The subsequent decline in luminescence would then represent the recovery of a low, unperturbed cytoplasmic Ca2+ level. An initial, 50 min, elevation of intracellular calcium was noted by Williamson and Ashley (28) upon microinjection of aequorin into Chara cells and attributed to a similar cause.
In order to confirm the presence of the trapped aequorin in the protoplast cytosol silver ions (1 mm final concentration) were added to the protoplast medium. Silver ions are a potent inhibitor of aequorin light emission causing its nonluminescent discharge (26) . Addition of silver ions should poison any aequorin adhering to the extracellular face of the protoplast without parallel emission oflight. However, as Figure 2 shows, on addition of 1 mM Ag+ to aequorin loaded protoplasts a small but definite spike in luminescence was observed, followed after several minutes by a decline. The amplitude of the initial spike is probably underestimated due to the averaging of the photon emission by the scintillation counter used for the assay. Nevertheless, this must originate from an elevation of cytoplasmic calcium resulting from the addition of the silver ions to the protoplasts. The decline in luminescence which follows may result from this elevated calcium level discharging a significant proportion of the intracellular aequorin. However, penetration of the plasma membrane by silver ions with the non-luminescent discharge of aequorin could also contribute. Therefore, a reliable estimation of the elevation in cytoplasmic calcium level induced by the application of silver ions could not be made. Silver ions interfered B + with Quin-2 fluorescence (data not shown). Thus, parallel experiments to quantitate the effect of silver on cytoplasmic calcium levels using Quin-2 could not be performed. Silver has been reported to inhibit the activity of a Ca2+-ATPase (Ca2+ pump) in animal cells (9) . Given the widespread use of silver ions to antagonise the effects of ethylene (16) an unambiguous measurement of the effect of this ion on cytoplasmic calcium levels should be of some interest.
Metabolic Disruption Induced by Indicator Uptake
To be useful in the measurement of calcium concentrations in the cytoplasm, Quin-2 and aequorin must not perturb the cellular Ca2"-regulatory system. Therefore, we measured the effects of loading these indicators on protoplast viability, membrane integrity, and ATP levels. The latter measurement gives a limited but indicative pointer to metabolic status.
After uptake of Quin-2 or aequorin, protoplast plasma membrane integrity was seen to recover. Approximately 80% of the protoplasts were permeabilized directly after electroporation reducing to 32% (Quin-2) or 24% (aequorin) after 1 h resealing incubation, as is shown in Figure 3 . This compares with 14% rising to 18% permeabilized after an equivalent 1 h incubation in unelectroporated controls. Osmotic activity, the ability to swell and shrink on changing the osmotic strength of the medium was also recovered (data not shown). Similarly, after the 1 h resealing incubation, viability, as assessed by fluorescein diacetate (FDA) staining, was 76 + 4% n = 30 (Quin-2 loaded), 70 ± 9% n = 8 (aequorin loaded) compared with 83 ± 11 % n = 30 for unelectroporated con- Time after electroporation (minutes) Figure 3 . Effect of uptake of (0) Quin-2 and (0) aequorin on protoplast plasma membrane resealing after electroporation. D. carota protoplasts were electroporated (at 0 min) in the presence of Quin-2 or aequonn as described in "Materials and Methods" and then incubated for a further 2 h. At intervals during this incubation, samples of protoplasts were removed and permeability measured. Plasma membrane integrity (permeability) was assessed by the failure of protoplasts to exclude 0.01% ethidium bromide for 1 min.
trols. These data indicate that after electroporation and indicator loading, protoplast plasma membrane integrity was restored. Quin-2 loading depressed total ATP levels to 30% that of unloaded controls as shown in Figure 4 . EGTA had a similar effect to Quin-2 (Fig 4) . Thus, the reduction in ATP content may reflect the Ca2' buffering action of intracellular Quin-2, or EGTA. Aequorin was less disruptive, reducing total ATP levels to 80% of unloaded controls (Fig 4) .
Protoplasts loaded with Quin-2 failed to divide when subsequently cultured. In contrast, aequorin loaded protoplasts were capable of cell division. Their plating efficiency, at 7 d, was 23 .2% compared with 31.6% for unloaded controls.
Indicator Calibration
The response of the Ca2+ indicators to changes in Ca2+ level can be calibrated in two ways: (a) with the isolated indicator in solutions of known Ca2+ concentration-an external calibration; (b) with the indicator loaded into the cells and then setting the intracellular Ca2+ to known levels using ionomycin and Ca2' EGTA-an internal calibration. The internal calibration has the advantage of assessing the Ca2" responsiveness of the indicator in the same cellular environment in which Ca2' estimations are to be made. Figure 5 compares the internal and external calibration of the indicator signal, rate of aequorin consumption or Quin-2 fluorescence, against Ca2+ concentration. The protocols are described in "Materials and Methods". The internal and external calibrations of Quin-2 differed by less than 10% (Fig.  5A) . However, the relative magnitude of changes in the rate The protein nature of aequorin makes intracellular distribution analogous to that of Quin-2 unlikely. To measure this distribution, aequorin was labeled with 125I. However, the relatively small amounts ofthe iodinated protein taken up on electroporation and the low specific activity of the iodinated aequorin precluded a fractionation study similar to that reported above for Quin-2. It is generally assumed that once introduced to the cytosol, aequorin remains there (5, 28); however, this point requires further study-for example, by direct visualization of aequorin loaded cells with a suitable image intensification system. Basal Cytoplasmic Calcium Levels Table III shows a direct comparison of basal cytoplasmic calcium levels estimated by Quin-2 and aequorin in protoplasts of D. carota and H. vulgare. Barley protoplasts were more highly vacuolated than carrot (80 and 20% of total protoplast volume, respectively) but cytoplasmic calcium, measured with Quin-2, was lower. Our earlier studies on mung bean root protoplasts (which had a vacuolar proportion of approximately 50% of protoplast volume) gave a cytoplasmic Ca2+ level of 171 + 41 nM, n = 15 (7) . So, apparent cytoplasmic calcium concentration does not correlate with vacuolar proportion of the cell. This is perhaps unexpected if the vacuolar uptake of the indicator were to significantly contribute to the cellular Ca2+ signal. The basal [Ca2+] was below that accurately measureable with aequorin in our system (less than 200 nM) which therefore represents the upper limit for cytosolic Ca>2 levels in the aequorin loaded protoplasts. Figure 6 shows the variation in measured intracellular levels of calcium upon varying the extracellular calcium concentration. Intracellular Ca 2 was stably maintained over the range I0-to I0 M extracellular Ca2. However, below 10-7 M, extracellular Ca 2 intracellular levels fall. This reduction was only revealed with Quin-2 loaded protoplasts as, throughout the range of extracellular Ca>2 concentrations used, the basal Ca> level was below the 200 nm lower limit for aequorin measurements. At concentrations of 100 mM extracellular Ca2, the Quin-2 fluorescence signal considerably increased (data not shown). This may reflect enhanced uptake of calcium at this concentration. However, the effects of such high calcium levels in the medium could also result from the cytotoxic breakdown of cellular control mechanisms.
Azide Increases Intracellular Calcium Levels
We have previously noted (8) that calcium levels spontaneously increase during the 15 to 20 min of continuous measurements with Quin-2 loaded protoplasts. Similarly, during [Ca"] measurement with aequorin, the basal [Ca2+], was observed to increase after 15 to 30 min (Fig. 7) . A similar, but more rapid, [Ca>2] increase could be induced on application of the respiratory inhibitor NaN3 to aequorin loaded protoplasts. When Quin-2 loaded protoplasts were treated with NaN3 Quin-2 fluorescence was quenched. An acidifica- taneous increase in Ca24 levels during prolonged incubation noted above may have arisen from the onset of anoxia in the dense protoplast suspension required for Ca24 measurement.
DISCUSSION
Ca2+ has been implicated in the regulation of numerous physiological processes and enzyme activities in plants (6, 12) . However, technical problems with directly measuring cytoplasmic Ca2" levels have hampered investigations as to the precise role of this ion in cellular regulation. We have compared two indicators of intracellular Ca2+ levels, aequorin and Quin-2, in higher plant cell protoplasts. Both indicators had advantages and disadvantages. Quin-2 was observed to depress D. carota protoplast ATP content by 60 to 70% (as does EGTA) and interfered with subsequent cell division, whereas aequorin reduced ATP by only 20% and did not inhibit division. The parallel effects of Quin-2 and EGTA suggest that the disruptive effects of Quin-2 may arise from its Ca2+-buffering action. Cytoplasmic calcium control systems could be modified, affecting, for example, the Ca24 regulated steps in mitochondrial ATP synthesis (18) . A similar depression in ATP levels has been observed in animal cells loaded with Quin-2 (24). The Kd ofaequorin for Ca24 is I0 M. In contrast, the Kd for Quin-2 and EGTA for Ca24 is 10' M (26, 27) . Also, the intracellular concentration of aequorin, probably less than 10-7 M (assuming uptake of 1% of total protoplast volume (0.5 pL) on electroporation), was much lower than the 1 0' M intracellular Quin-2 levels required for measurement of intracellular Ca2`concentration (7, 8 Similarly, on application of ionomycin to Quin-2-loaded protoplasts, the fluorescence signal rose rapidly from a stable resting level to an increased but stable level (Fig. 1B) . There is no evidence of multiple phases to this increase as might be expected if several cellular compartments were affected by the treatment. This suggests most of the fluorescence signal arises from Quin-2 in a single, rapidly equilibrating, cellular fraction, most probably the cytosol. We have, therefore, concluded that the major fluorescence signal from Quin-2 loaded protoplasts is from the cytosol. Any Quin-2 signal from the vacuole may simply overestimate the resting level. However, our data indicate that the more highly vacuolated protoplasts do not have higher basal calcium levels. The Quin-2 family of Ca" indicators may be more suited to measurement systems where any intracellular localization can be observed and excluded from the cytosolic [Ca"] measurements, such as with an image analysis system. Indeed, Fura-2 seems to cross organelle membranes in both plant (3, 4) and animal cells (24) . It seems unlikely that aequorin, a 20 kD polypeptide, would exhibit a similar intracellular distribution to Quin-2. This point requires further investigation; for example, by direct visualization of light emission from loaded cells with a suitable image intensification system.
It can be seen from the calibration of aequorin light emission against calcium level (Fig. 5A ) that aequorin cannot be used to accurately measure calcium levels below 2 x 10' M.
Thus, in our measurement system, aequorin seems best suited to quantify increases in the basal cytoplasmic calcium level such as those induced by azide (Fig. 7) . A similar restriction in only reliably quantifying increases in cytoplasmic Ca 2 is also shown by the metallochromic [Ca2+], indicators (26) .
Nevertheless, the metallochromic indicator arsenazo III has proved extremely useful in revealing transient increases in [Ca2+]i during mitosis in Tradescantia stamen hairs (I 1) and aequorin has been successfully used to measure transient increases in [Ca2+] i in algal cells (22, 28) . To determine basal calcium levels and relatively small changes in level, as have been reported, for example, on illumination of Nitellopsis cells (20) the Quin-2 family of indicators (despite their drawbacks) or, where feasible, Ca2+-selective microelectrodes may be preferable.
Cytoplasmic Ca 2 levels were observed to increase on the addition of azide and potentially on the development of anoxia in the sample cuvette, (Fig. 7) . This may reflect the relaxation of the rigorous maintenance of the low basal Ca>2 as cellular energy is depleted. Alternatively, gradual protoplast death may have given rise to a small fraction of cells with an extremely high intracellular Ca>2 level. An increase in cytoplasmic [Ca>] , potentially to cytotoxic levels (greater than 10-6 M, ref. 12) could help to explain some of the effects of, for example, azide in the breakage of seed dormancy (25) or anoxia and flooding on plant development and viability (1). However, azide treatment caused the quenching of intracellular Quin-2 fluorescence; similar quenching of Indo 1 fluorescence has been reported (4). Therefore, cross-checking of the results obtained with aequorin using Quin-2 was not possible.
Aequorin 
